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ABSTRACT
The power of jets from black holes are expected to depend on both the spin of
the black hole and the structure of the accretion disk in the region of the last stable
orbit. We investigate these dependencies using two different physical models for the
jet power: the classical Blandford-Znajek (BZ) model and a hybrid model developed
by Meier. In the BZ case, the jets are powered by magnetic fields directly threading
the spinning black hole while in the hybrid model, the jet energy is extracted from
both the accretion disk as well as the black hole via magnetic fields anchored to
the accretion flow inside and outside the hole’s ergosphere. The hybrid model takes
advantage of the strengths of both the Blandford-Payne and BZ mechanisms, while
avoiding the more controversial features of the latter. We develop these models more
fully to account for general relativistic effects and to focus on advection-dominated
accretion flows (ADAF) for which the jet power is expected to be a significant fraction
of the accreted rest mass energy.
We apply the models to elliptical galaxies, in order to see if these models can
explain the observed correlation between the Bondi accretion rates and the total jet
powers. For typical values of the disk viscosity parameter α ∼ 0.04 − 0.3 and mass
accretion rates consistent with ADAF model expectations, we find that the observed
correlation requires j & 0.9; i.e., it implies that the black holes are rapidly spinning.
Our results suggest that the central black holes in the cores of clusters of galaxies
must be rapidly rotating in order to drive jets powerful enough to heat the intracluster
medium and quench cooling flows.
Key words: accretion, accretion disks – black hole physics – galaxies: active –
galaxies: jets – X-rays: galaxies – MHD
1 INTRODUCTION
Recent high resolution Chandra observations of the cores of
elliptical galaxies provide dramatic illustration of the im-
pact of jets launched from active galactic nuclei (AGN) on
the interstellar medium of their host galaxies and/or on
the intracluster medium if the galaxies reside in clusters.
These observations have revealed prominent X-ray surface
brightness depressions corresponding to cavities or bubbles
inflated by the jets as they interact with the surrounding
hot gas (e.g., Allen et al. 2006, hereafter A06; Birzan et al.
2004; Fabian et al. 2006; Taylor et al. 2006; Rafferty et al.
2006). This interaction is presumed to deposit large amounts
of energy in their environments (e.g., Churazov et al.
⋆ E-mail: rodrigo.nemmen@ufrgs.br
2002; Dalla Vecchia et al. 2004; Sijacki & Springel 2006;
Nusser, Silk & Babul 2006), modifying the hierarchy of
galaxy formation (e.g., Bower et al. 2006) and altering the
evolution of the intracluster medium by counteracting radia-
tive losses (e.g., McCarthy et al. 2004). Based on the ener-
getics of creating the observed cavities, the minimum energy
associated with the jets range from ∼ 1055 ergs in galaxies,
groups, and poor clusters to ∼ 1060 ergs in rich clusters,
ranking the outbursts as among the most powerful phenom-
ena in the Universe
While a detailed understanding of the extragalac-
tic AGN jet phenomena remains elusive, the combi-
nation of physically insightful analytic studies (e.g.,
Blandford & Znajek 1977; Blandford & Payne 1982;
Begelman et al. 1984; Punsly & Coroniti 1990; Ferrari 1998;
Meier 1999, 2001) and sophisticated general relativistic,
c© 2006 RAS
2 Nemmen et al.
magnetohydrodynamic (MHD) numerical simulations (e.g.,
Koide et al. 2000; Koide 2003; McKinney & Gammie 2004;
De Villiers et al. 2005; Komissarov 2005; Hawley & Krolik
2006) are beginning to yield important insights. There is
now a general consensus that jets are fundamentally MHD
events.
The currently favoured models presuppose an accretion
flow threaded by large-scale magnetic fields flowing onto a
supermassive black hole. In the neighborhood of the black
hole, the flow settles into a disk-like structure, in which the
rate of inward flow of matter depends on the efficiency with
which its angular momentum can be transferred outward.
This transfer of angular momentum is mediated by MHD
turbulence. Both MHD turbulence and differential rotation
of the plasma in the body of the disk generate and inten-
sify toroidal magnetic fields (Balbus & Hawley 1998). When
the pressure associated with the toroidal fields grows strong
enough, the field lines escape from the disk forming a rotat-
ing helical tower of field lines above and below the disk. Cen-
trifugal forces associated with this rotating magnetic field
helix drives any plasma trapped onto the field lines upward
and out of the disk, generating outflows. This is the crux of
the Blandford-Payne (Blandford & Payne 1982) model for
jets, wherein the magnetic fields extract energy from the
rotation of accretion disk itself to power the outflows. De-
pending on the detailed structure of the magnetic fields and
the accretion disk, this mechanism is expected to generate
outflows ranging from broad, uncollimated winds to highly
collimated jets.
In the event that the black hole itself is spinning, the
magnetic field can also extract the rotational energy of the
central black hole to power the outflows. In the Blandford-
Znajek (BZ) model (Blandford & Znajek 1977), the mag-
netic fields are assumed to be connected directly to the hori-
zon of a spinning black hole while in the Punsly & Coroniti
(1990) model, the magnetic fields associated with jet produc-
tion are anchored to the inflowing plasma inside the black
hole’s ergosphere. In both these models, the dragging of in-
ertial frames, relative to an observer at infinity, within the
ergosphere of the rotating black hole results in a rotating,
tightly wound vertical tower of field lines, and hence pow-
erful outflows. Moreover, Meier (1999) has shown that in
the Punsly-Coroniti-like models, the differential dragging of
the frames will also act as a dynamo to amplify the mag-
netic field at the expense of the black hole’s rotational en-
ergy and that this will have the effect of further enhancing
the jet power. The results of numerical simulation studies
(Koide 2003; McKinney & Gammie 2004; De Villiers et al.
2005; Hawley & Krolik 2006) are, in a broad brush sense,
consistent with the BZ and Punsly-Coroniti-Meier type of
models, indicating that the power of jets depends on both
the mass accretion rate as well as the spin of the black hole.
In fact, Meier (2001) argues that understanding the
radio-loud and radio-quiet dichotomy in the QSO popula-
tion requires the jet power to exhibit such dependencies.
And while this assertion appears to be indicated by ob-
servations of black hole candidate systems in our Galaxy
(Cui, Zhang & Chen 1998), very little is known about the
prevailing conditions underlying the jet phenomena in extra-
galactic AGNs. The recent Chandra observations of bubbles,
however, offer a unique opportunity to remedy this. The X-
ray observations not only provide an estimate of the power
of the jets emitted by the AGNs but also the rate at which
matter is accreting onto the black hole-accretion flow sys-
tem. Recently Allen et al. (2006) (hereafter A06) analyzed
the data for nine nearby, X-ray luminous elliptical galax-
ies and found a remarkably tight correlation between the
Bondi accretion rates and the jet powers. Within the con-
text of viable models for the jet-black hole-accretion flow
system, such a correlation not only provides insight into the
efficiency with which the rest energy of the material accret-
ing onto the black hole is converted into jet energy but also
the spin distribution of the black holes powering AGN. In
this paper, we seek to shed light on these issues.
We begin by considering two physical models for the jet
power: the BZ model as described above, and a hybrid model
proposed by Meier (2001) (see also, Punsly & Coroniti 1990;
Meier 1999), in which the magnetic field threads the plasma
throughout — in the body of the disk where frame-dragging
is negligible as well as within the ergosphere. This lat-
ter model combines the Blandford-Payne-like disk accel-
eration mechanism with the Blandford-Znajek-like scheme
that draws upon the rotational energy of the black hole.
We improve upon these models by incorporating important
general relativistic effects that previously were introduced
via highly restricted approximation. Following Meier (2001),
we further couple our models for the jet production to the
advection-dominated accretion flow model (hereafter ADAF
1, Narayan 2005; Narayan, Mahadevan & Quataert 1998,
hereafter N98; Nemmen et al. 2006). There is a considerable
body of work indicating that the launching of jets is most ef-
ficient when the accretion flow is advection-dominated (e.g.,
Rees et al. 1982; Meier 2001; Churazov et al. 2005) and that
jet production is suppressed in the standard thin accre-
tion disk normally associated with radiatively efficient AGNs
(Livio et al. 1999; Meier 2001; Maccarone et al. 2003).
This paper is organized as follows: In §2, we describe
our models for the accretion flow and the jet power. We
summarize the findings of A06 in §3. In §4, we compare the
correlations between the jet power and accretion rate im-
plied by our models with the results of A06 and consider
the resulting implications for jet efficiencies and the dis-
tribution of black hole spins. We also compare results for
accretion models with and without winds and explore the
implications of uncertainties in A06 estimates of jet power
and mass accretion rates on our findings. Lastly, we highlight
our main results in 5 and offer some concluding remarks.
2 MODELS OF ACCRETION FLOW AND JET
POWER
2.1 Accretion flow structure
There are several lines of evidence that suggest that the
accretion flow onto AGNs with strong jets is best de-
scribed as an ADAF: First, the observed bolometric (radia-
tive) luminosities of radio-loud AGNs are typically many
1 Improved models of advection-dominated accretion flows incor-
porating winds and convection are also more generally referred to
as radiatively inefficient accretion flows (RIAF). We simply use
the original acronym ADAF.
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orders of magnitude smaller than the luminosities ex-
pected if the mass were flowing onto the central black
holes along thin accretion disks (e.g., Di Matteo et al.
2003; Taylor et al. 2006); in the latter case, the bolomet-
ric luminosities correspond to roughly 10% of the rest-
mass energy of the accreting matter (Shakura & Sunyaev
1973). ADAFs can not only account for the observed
radiative quiescence of the jet-emitting AGNs but also
reproduce their nuclear X-ray luminosities with accre-
tion disk mass flow rates2 comparable to their Bondi
rates (Di Matteo et al. 2001, 2003; Loewenstein et al. 2001;
Pellegrini 2005; Soria et al. 2006). The exceptional systems
(such as the radio-loud quasars) that are both highly lu-
minous and radio-loud are currently an intriguing puzzle:
possibly they are high accretion rate systems in which the
disk is puffed up by the trapped energy despite the sys-
tem’s low opacity (e.g., Meier 2001; Maccarone et al. 2003;
Ko¨rding, Jester & Fender 2006; Sikora, Stawarz & Lasota
2007).
Second, the magnitude and the structure of the mag-
netic fields associated with ADAFs are much more con-
ductive to the extraction of spin energy from the hole
than those associated with standard thin disks (e.g.,
Rees et al. 1982; Livio et al. 1999; Armitage & Natarajan
1999). Third, X-ray binaries with black hole candidates
(XRBs) in the “low/hard” state display a strong corre-
lation between the X-ray and radio emissions, which can
best be understood in the context of an ADAF-jet system
(Gallo et al. 2003; Merloni et al. 2003; Falcke et al. 2004).
Low-luminosity AGNs with jets show similar correlations
and hence, are thought to be scaled-up versions of the galac-
tic XRBs (Merloni et al. 2003; Falcke et al. 2004). One char-
acteristic of the ADAF-jet system is low mass flow rates. The
observations suggest that at high flow rates, the black hole
systems switch to the “high/soft” state and the jet activity
is suppressed (Maccarone et al. 2003; Greene et al. 2006).
This observed “quenching” of the jet (as well as the tran-
sition from the “low/hard” to the “high/soft”) is believed
to be due to a change from an ADAF (powerful jets) at low
mass flow rates to a thin accretion disk structure (weak jets)
at high mass flow rates (e.g., Meier 2001).
We describe the structure of the ADAF using the self-
similar equations of Narayan & Yi (1995). We are especially
interested in the analytical equations (see Appendix I) that
describe the vertical half-thickness of the diskH , the angular
velocity of the disk Ω′ and the magnetic field strength B
near the black hole in terms of radius R, black hole mass
M•, accretion rate onto the black hole M˙ and advection
parameter f (assumed ≈ 1). We require these as inputs to
our models for the jet power described in §2.2 and 2.3 below.
We note that although the Narayan & Yi (1995) equations
are based on an early model for the ADAF that did not allow
for mass loss in the form of winds from the accretion flow,
we have verified that these self-similar solutions provide a
good approximation to the structure of the inner regions of
2 We use the term ‘mass flow rate’ to distinguish the mass flowing
through the accretion disk from the mass that is accreted onto the
black hole itself. Due to the mass/energy carried away by winds
and jets, these two rates may differ significantly.
ADAF models, like that of Blandford & Begelman (1999)
(hereafter BB99), that do allow for such losses.
The equations for H , B and Ω′ also depend on the
properties of the accreting fluid, such as its adiabatic in-
dex γ, its viscosity parameter α and the ratio of gas to
magnetic pressure β in the fluid. These quantities are not
independent. The value of γ depends on β via the re-
lationship γ = (5β + 8)/3(2 + β) (Esin et al. 1997) and
based on the MHD numerical simulations of the evolu-
tion of the magnetorotational instability in accretion disks
(Hawley, Gammie & Balbus 1995), α ≈ 0.55/(1 + β). We
assume that the magnetic pressure is related to the field
strength as Pmag = B
2/8π.
We constrain the value of α from recent MHD numerical
simulations of radiatively inefficient accretion flows, which
take into account self-consistently the role of the Maxwell
stresses in establishing its value. The general relativistic
simulations (e.g., McKinney & Gammie 2004; Hirose et al.
2004; Hawley & Krolik 2006) find that in the inner portions
of the disk β ≈ 1− 10. Although α is not explicitly quoted,
we can estimate α from these values of β using the relation-
ship between the two, obtaining α ≈ 0.04 − 0.3. For com-
putational purposes, we will derive results for α = 0.04 and
0.3. To put these α-values in context, we note that the sim-
ulations around Schwarzschild holes of Proga & Begelman
(2003) suggest that near the innermost stable circular or-
bit, α reaches high values: α ≈ 0.1 − 0.7. Moreover, recent
ADAF models of XRBs require values of α ≈ 0.25 in order
to account for the observations (Quataert & Narayan 1999).
To the above model for the ADAF, we introduce three
important modifications to take into account general rela-
tivistic effects induced by the Kerr metric: First, we take as
input for our jet model the values of H , B and Ω′ evalu-
ated at Rms, the radius of the marginally stable orbit of the
accretion disk. This radius depends sensitively on the dimen-
sionless black hole spin parameter j ≡ J/Jmax (“a/M” in ge-
ometrized units, a is the specific angular momentum), where
J is the angular momentum of the hole and Jmax = GM
2
•/c
is the maximal angular momentum (Bardeen et al. 1972).
Second, an observer at infinity will see the disk and the
magnetic fields near the black hole rotate, in the Boyer-
Lindquist coordinate system, not with an angular velocity
Ω′ but Ω = Ω′ + ω, where ω ≡ −gφt/gφφ is the angu-
lar velocity, in the same coordinate system, corresponding
to the local spacetime rotation enforced by the spinning
black hole (Bardeen et al. 1972). And third, we take into
account the field-enhancing shear caused by frame-dragging
when calculating the magnetic field strength in the inner
region of the disk, as first suggested by Meier (1999) and
tentatively observed in recent MHD numerical simulations
(Hawley & Krolik 2006). Following Meier (2001), we relate
the amplified, azimuthal component of the magnetic field
to the unamplified magnetic field strength derived from the
self-similar ADAF solution as Bφ = gB, where g = Ω/Ω
′
is the field-enhancing factor. The amplitude of this factor
depends on the black hole spin through the angular velocity
of spacetime rotation, ω. In the case of a non-rotating black
hole, ω = 0 and g = 1 (i.e., no field enhancement).
The potential importance of these effects has been rec-
ognized previously and Meier (2001) even incorporated them
into his jet power model, albeit in the form of simplifications
that blunted their impact. For example, he took g to be a free
c© 2006 RAS, MNRAS 000, 1–12
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parameter rather than explicitly relate it to spacetime rota-
tion induced by the rotating black hole, he adopted a simple
approximation for ω, and he evaluated his jet model only for
two limiting radii: 7GM•/c
2 (corresponding to j ≈ 0) and
1.5GM•/c
2 (j ≈ 1). In our approach, we are able to capture
more fully the dependence of the important model parame-
ters on j and by doing so, are able to explore the sensitivity
of the accretion flow and the jet power solutions to variations
in the value of the black hole spin parameter.
Finally, we follow Livio et al. (1999) in assuming that
the poloidal and azimuthal components of the magnetic field
are related to each other as Bp ≈ H/R Bφ where R is the
radius in cylindrical coordinates, a relationship based on the
assertion that the strength of the poloidal field is limited by
the vertical extent of turbulent eddies in the disk. In the
case of an ADAF, this yields Bp ≈ Bφ because H ∼ R.
2.2 The Blandford-Znajek jet model
According to the BZ model, the total power of the re-
sulting jet is given by (e.g., Macdonald & Thorne 1982;
Thorne et al. 1986):
PBZjet =
1
32
ω2FB
2
⊥R
2
Hj
2c, (1)
where RH = [1 + (1− j
2)1/2]GM•/c
2 is the horizon radius,
B⊥ is the strength of the magnetic field normal to the hori-
zon, and the factor ωF ≡ ΩF (ΩH − ΩF )/Ω
2
H depends on
the angular velocity of the field lines ΩF relative to that
of the hole, ΩH . Following the usual practice, we assume
that ωF = 1/2, which maximizes the power output (e.g.,
Macdonald & Thorne 1982; Thorne et al. 1986). As for B⊥,
Livio et al. (1999) has argued that the field threading the
horizon ought to be comparable in strength to the field
threading the inner regions of the accretion flow. Hence,
we take the field strength at the horizon to be the same
as that at the radius of the marginally stable orbit of the
accretion disk; that is, B⊥ ≈ Bp(Rms) ≈ g(Rms)B(Rms).
These field configurations are consistent with those seen
in the in the jet launch regions in numerical simulations
of accretion onto Kerr black holes (e.g., Hirose et al. 2004;
McKinney & Gammie 2004). Finally since the accretion rate
enters the jet power only through the field strength, the
jet power only depends on the accretion rate measured at
the marginally stable orbit of the accretion flow M˙ms ≡
M˙(Rms). If the mass is conserved in the disk as in the early
version of the ADAF model (Narayan & Yi 1995, N98) then
M˙ is constant with radius, but contemporary ADAF models
often allow for mass loss from the accretion disk in the form
of winds and outflows (see §2.4).
The primary advantage of the BZ model is its simplic-
ity. The picture describes a black hole whose event hori-
zon is equivalent to a rotating conducting surface with sur-
face charges and currents. In effect, the horizon is a unipo-
lar inductor onto which the magnetic fields are attached.
The magnetic fields are torqued by the rotation of the black
hole and in turn, drive an outflow. There are, however, con-
cerns about the model. Punsly & Coroniti (1990) have ar-
gued that the very notion of flux being emitted from the
event horizon renders the model unphysical because the
event horizon is casually disconnected from events upstream.
Disturbances generated at the event horizon can only prop-
agate inward. Moreover, the BZ model is also formulated
on the assumption of zero accretion that underlies the BZ
model; the BZ model is derived in the limit of vanishing
plasma density and pressure (Hawley & Krolik 2006). On
the other hand, McKinney & Gammie (2004) have reported
good agreement between several aspects of the BZ model
and their numerical simulation results, and for this reason,
we consider this model in the present work. We do note,
however, that McKinney & Gammie (2004) also reported a
growing difference between the model and their results with
increasing black hole spins, a result that can partly be at-
tributed to the fact that the BZ model is derived in the limit
of slowly rotating black holes.
2.3 Hybrid model
Contrary to the premise of very low plasma densities that
underlies the BZ model, accretion of matter is presumed
to be a key element of real AGN systems. In fact, numer-
ical simulations show that the coupling between the accre-
tion flow and the magnetic fields is an essential element of
jet production. For this reason, we consider a second jet
model, the hybrid model of Meier (2001). As noted previ-
ously, this model is constructed so that large-scale magnetic
fields thread the accretion disk outside the ergosphere as
well as rotating plasma within the ergosphere that is flow-
ing onto the black hole. Hence, the model is able to draw
upon both the rotational energy of the accretion disk as well
as the spinning black hole in order to drive outflows, though
the extraction of the black hole rotational energy occurs in-
directly through field lines anchored to the plasma subject
to spacetime rotation imposed by the black hole. This model
also takes into account the effects of field amplification by
both the differential rotation of the plasma in the body of
the disk and the differential frame-dragging. As discussed by
Meier (2001), the jet power in this model is a strong func-
tion of the thickness of the accretion disk and the black hole
spin; strong magnetic fields and rapid rotation, the neces-
sary ingredients for the launching of powerful jets, only arise
when the disk is thick and the hole is spinning rapidly.
Following Meier (2001), the total jet power for the hy-
brid model is given by
P diskjet = (BφHRΩ)
2 /32c, (2)
where Bφ = gB and Ω = Ω
′+ω. All quantities are evaluated
at R = Rms, which is also assumed to be the approximate
characteristic size of the jet-formation region. We note that
we denote the jet power for this model with the superscript
“disk” in order to highlight that in addition to drawing upon
the rotational energy of the spinning black hole, this model
also draws energy from the accretion disk.
As a matter of interest, we note that there is consid-
erable support for the Punsly-Coroniti-Meier component of
the hybrid model from recent numerical simulations studies
(Koide 2003; McKinney & Gammie 2004; De Villiers et al.
2005). On the other hand, the relevance of the Blandford-
Payne mechanism, which describes the extraction of jet
power from the rotation of the accretion disk and which
is incorporated in our hybrid model, is very much a mat-
ter of debate. For example, Hawley & Krolik (2006) have
recently argued that this mechanism is not at all important
c© 2006 RAS, MNRAS 000, 1–12
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Figure 1. The jet powers for our modified Blandford-Znajek
(Equation 1) and the hydrid model (Equation 2) as a function
of black hole spin parameter j. The curves are computed assum-
ing a fiducial value of M˙ms = 10−3 M⊙ yr−1, and for two different
values of the viscosity parameter: α = 0.04 and 0.3. The right axis
shows the jet efficiency ηjet ≡ Pjet/M˙msc
2. Since the jet powers
scale linearly with M˙ms, ηjet depends only on j and α.
for understanding the collimated jet outflows seen in their
numerical simulations while Blandford (2005) has suggested
that such conclusions are premature and that the simulation
results are dependent on the initial conditions adopted.
2.4 Jet models properties
There are several interesting properties of our jet models
that ought to be highlighted. First, the jet power for nei-
ther the BZ nor the hybrid models (Equations 1 and 2, re-
spectively) depends on the black hole mass. Moreover, the
dependence on the accretion rate enters the jet power only
through the field strength (see Appendix I) and for the com-
bined accretion flow-jet power model under consideration
here, the jet powers for both models can be expressed as
Pjet(α, j, M˙ms) ∝ M˙ms; that is, the jet power depends lin-
early on the mass accretion rate. However, both have a com-
plicated dependence on j and α (see Appendix I). Figure 1
illustrates the spin dependence of both the BZ and the hy-
brid Pjet models, for viscosity parameters α = 0.04 and 0.3,
and a fiducial value of M˙ms = 10
−3 M⊙ yr
−1. This corre-
sponds to one tenth of the mean Bondi accretion rate of the
elliptical galaxies studied by A06.
As Figure 1 shows, both the BZ and the hybrid Pjet
models behave similarly and give comparable results for in-
termediate and high values of j. The slight difference in the
jet power between the two models is not significant given
the uncertainty in our understanding of the detailed mecha-
nisms underlying jet formation. At low spin values, however,
the jet power in the hybrid model is considerably higher
than that for the BZ case. The drop-off in the BZ case re-
flects the decline in the black hole rotational energy avail-
able to power the jet while in the hybrid case, the decline is
limited by contributions from the accretion disk. The most
important point made by Figure 1 is that the jet power
for both the BZ and the hybrid models is a strong func-
tion of the black hole spin, spanning a range of three or-
ders of magnitude as the black hole spin varies from 0 to
1. This strong dependence is largely due to our improve-
ments over previous models, which did not incorporate care-
fully the physics of the Kerr metric (Ghosh & Abramowicz
1997; Armitage & Natarajan 1999; Meier 2001). This type
of j-dependence for the jet power has previously only been
seen in complex numerical MHD simulations of jet formation
(McKinney 2005; Hawley & Krolik 2006).
The right axis of Figure 1 shows the jet efficiency fac-
tor, defined as ηjet ≡ Pjet/M˙msc
2. Since our model jet powers
scale linearly with M˙ms, the corresponding jet efficiency fac-
tor depends only on the black hole spin parameter j and
the viscosity parameter α. For high values of j, the effi-
ciencies predicted by our two jet models are comparable to
the Novikov-Thorne thin disk radiative efficiency, which is
related to the binding energy of the innermost stable cir-
cular orbit (Novikov & Thorne 1973), and the jet carries
away a significant fraction of the rest mass energy flowing
through the disc. We note that for the maximal black hole
spin, j = 0.998, as implied by the analysis of Thorne (1974),
the jet efficiencies are η = 0.22 (BZ model) and 0.48 (hybrid
model) for α = 0.04. On the other hand, if α = 0.3, the
efficiencies drop to η = 0.07 (BZ model) and 0.24 (hybrid
model).
3 THE EMPIRICAL M˙–PJET CORRELATION
Given a distribution of gas about a central black hole, the
most simple configuration describing the accretion of the
gas onto the the black hole is the Bondi flow model (Bondi
1952), which assumes a non-luminous central source and a
spherically symmetric flow with negligible angular momen-
tum. The resulting Bondi accretion rate can be written as
M˙Bondi = πλcsρr
2
A, where rA = 2GM•/c
2
s is the accretion
radius, G is the gravitational constant, M• is the black hole
mass, cs is the sound speed of the gas at rA, ρ is the density
of gas at rA and λ is a numerical coefficient that depends on
the adiabatic index of the gas. This estimate is frequently
used in studies of the central X-ray emitting gas in elliptical
galaxies (e.g., Di Matteo et al. 2003; Pellegrini 2005).
Recently, A06 derived the Bondi accretion rates and
jet powers from Chandra X-ray observations of nine nearby,
X-ray luminous giant elliptical galaxies that show evidence
of jet-inflated cavities in their central regions, and found
a tight correlation between the two. The jet powers were
estimated from the energies and timescales required to in-
flate cavities observed in the surrounding X-ray emitting gas
such that Pjet = E/tage, where E is the energy required to
create the observed bubbles and tage is the age of the bub-
ble. A06 estimates are based on the assumption that the
X-ray bubbles are inflated slowly. The values of M˙Bondi for
the systems were calculated from the observed gas temper-
ature and density profiles. In most cases, the bondi radius
is not observed directly, and the appropriate density and
temperature are determined by extrapolating the observed
data, typically by a factor of 3 or greater, in radius (cf.,
Rafferty et al. 2006). The black hole masses were deduced
from the optical velocity dispersion measurements using the
correlation between central black hole mass and velocity dis-
c© 2006 RAS, MNRAS 000, 1–12
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Figure 2. The empirical relationship between the Bondi accre-
tion power (PBondi = 0.1M˙Bondic
2) and jet power (Pjet) for nine
nearby, X-ray luminous giant elliptical galaxies derived by A06.
The error bars plotted include a systematic uncertainty of 0.46
dex in logPBondi. The fitted power-law model predicted by our
jet models (A = 0.69 ± 0.19 and B = 1) is represented by the
dashed (best-fit) and dotted (error bars) lines; the best-fit power-
law model determined by A06 is shown as the solid line.
persion of Tremaine et al. (2002). Since A06 presents a state
of the art analysis of current data, we accept the estimates of
the Bondi accretion rate and jet power at face value in what
follows. Clearly it will be important to see how these obser-
vational constraints improve with future X-ray missions. In
section 4.2, we consider the impact of uncertainties in the
calculation of the jet power from the physical properties of
cavities observed in the Chandra data.
The A06 results for the nine systems are shown in Fig-
ure 2, where PBondi is the total accretion power released
for an efficiency of 10%, PBondi = 0.1M˙Bondic
2. The error
bars plotted include a systematic uncertainty of 0.46 dex in
logPBondi, implied by the intrinsic dispersion of 0.23 dex in
the logM• − log σ relation (see A06).
The correlation between M˙Bondi (or equivalently,
PBondi) and jet power Pjet was expressed by A06 as a power-
law model of the form
log
PBondi
1043 erg s−1
= A+B log
Pjet
1043 erg s−1
, (3)
with A = 0.65 ± 0.16 and B = 0.77 ± 0.20. This power-law
model is shown in Figure 2 as a solid line.
4 M˙–PJET RELATION: IMPLICATIONS FOR
BLACK HOLE SPIN AND ACCRETION
RATE
The A06 results are interesting in two regards: First, they
show that the central AGNs in these systems are extremely
sub-Eddington; that is, they have extremely low accretion
rates compared to the Eddington rate, M˙Bondi/M˙Edd .
10−3, where M˙Edd ≡ 22M•/(10
9M⊙) M⊙ yr
−1. Our ADAF
model for the accretion flow is only valid for such highly sub-
Eddington flows. Second, as noted by A06, the correlation
implies that a non-negligible fraction (Pjet/(M˙Bondic
2) =
2.2+1.0−0.7% for Pjet = 10
43 erg s−1) of the energy associated
with the rest mass of the gas entering rA is channeled into
jet power.
4.1 Reconsidering the mass accretion rate
Presumably less matter than the amount predicted by the
Bondi rate gets down to the black hole for several reasons.
As the gas in an ADAF has angular momentum, accretion is
driven not just by gravity as in the Bondi flow but also by the
rate of angular momentum transport characterized by the
parameter α in our ADAF model; given a certain ambient
density in the external medium, the accretion rate predicted
by the ADAF model is lower than the Bondi accretion rate:
M˙ADAF ∼ αM˙Bondi (e.g., N98; Proga & Begelman 2003),
with α < 1. Furthermore, some part of the gas may be pre-
vented from being accreted due to winds and/or convection
(e.g., BB99; Quataert & Gruzinov 2000; Proga & Begelman
2003; Igumenshchev et al. 2003) occuring in the ADAF, re-
ducing even more M˙ms compared to M˙Bondi. We allow M˙ms
to be smaller than M˙Bondi by introducing the parameter
ǫBondi such that M˙ms = ǫBondiM˙Bondi. The parameter ǫBondi
represents the fraction of material supplied by the external
medium at the Bondi radius that ultimately reaches the in-
nermost stable circular orbit of the accretion flow and gets
accreted afterwards. Therefore this parameter encompasses
our ignorance about the possible physical processes that may
modify the density profile of the accretion flow with respect
to the ADAF solution. We note that here we are only con-
sidering the simplest situation where the density profile is
affected. Winds too will reduce the rate of energy and an-
gular momentum accretion onto the central black hole. We
defer the discussion of such complications to §4.3.
Including this modification into our models gives jet
power relations of the form
Pjet(PBondi, α, ǫBondi, j) ∝ PBondi. (4)
This relationship has the same functional form as the corre-
lation found by A06 (Equation 3) and we can now use the
above equation to constrain the main model parameters (α,
ǫBondi and j) using A06 results.
Comparing Equations 3 and 4, it follows that our mod-
els predicts the slope B = 1, which is somewhat higher than
the value obtained by A06, B = 0.77 ± 0.20, although the
difference is not statistically significant (see Fig. 2). As A
and B in Equation 3 presumably are strongly correlated, we
fit A06’s data to a power-law model with the fixed value
B = 1 to find the corresponding value of A. Using the χ2
fit statistics, which accounts only for errors in the values of
PBondi, we find A = 0.69 ± 0.19 with χ
2 = 2.4 for 8 degrees
of freedom, which indicates that our B = 1 fit also provides
a good description of the data, and hints that the system-
atic errors in the data points are not fully independent. The
power-law model with A = 0.69 and B = 1 is plotted in
Figure 2 as the dashed line; the dotted lines delimitate the
corresponding statistical uncertainty in this power-law.
In the B = 1 model, the value of the parameter A is a
measure of the jet efficiency ηjet. Setting B = 1 in Eq. 3 we
have
A = log
„
PBondi
Pjet
«
= log
„
0.1
ηjetǫBondi
«
, (5)
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Figure 3. Relation between the parameters ηjet and ǫBondi re-
quired to reproduce the observed correlation between M˙Bondi and
Pjet. Each line correspond to a different value of A (shown above
the lines), the thicker line represents the best-fit value of A. We
limit the value of efficiency to the theoretical maximum for the
hybrid model with α = 0.04 (48%). The dotted line corresponds
to the maximum efficiency for the Blandford-Znajek model with
α = 0.04. These correspond to maximally spinning black holes
with j = 0.998. The inferred efficiencies decline with increasing
α since the plausible values of ǫBondi increase. For α = 0.3, the
maximal efficiencies are η = 0.07 (BZ model) and 0.24 (hybrid
model).
which can be recast as
log(ηjet) = −(1 + A+ log ǫBondi). (6)
Figure 3 shows the jet efficiency factor corresponding
to the observed value of A = 0.69 ± 0.19 (B = 1), as a
function of the mass accretion parameter ǫBondi. The value
of ηjet ≈ 2% derived by A06 is, in fact, the minimum value
and corresponds to ǫBondi = 1 or M˙ms = M˙Bondi. Since ǫBondi
is expected to be significantly less than unity, the required
jet efficiency will be higher.
Since in our models for the jet power, the jet efficiency
factor is a function of the viscosity parameter α and the
black hole spin j, the above equations imply that the value
of the parameter A is a function of the parameters α, ǫBondi
and j. And therefore, for a given value of α, we can use the
observed value of A = 0.69 ± 0.19 to explore the range of
possible values of ǫBondi and j. As described previously, var-
ious different analysis and arguments suggest that α ranges
between 0.04 and 0.3. In the discussion below, we will derive
results for the two values that bound the range: α = 0.04
and 0.3.
Figure 4 shows the parameter space (j, ǫBondi) corre-
sponding to the observed values of A for the BZ (dashed
line, §2.2) and the hybrid (solid line, §2.3) jet models. The
two panels show the results for the two different values of
α near the innermost stable circular orbit, α = 0.3 (β ∼ 1,
left panel) and α = 0.04 (β ∼ 10, right panel). We remind
the reader that β is the ratio of the gas pressure to the mag-
netic pressure near the radius of the marginally stable orbit.
The label beside each contour is the value of A for that line.
We show the effect of considering an uncertainty of ±0.19
in A. Note that the range we have adopted assumes that
the uncertainty in each data point is independent. A would
be smaller if, for example, the jet power was systematically
under-estimated in all systems (see §4.2).
Based on the arrangement of the contours in this figure,
we find that the observed tight correlation between accre-
tion rates and jet powers implies a narrow range of black
hole spins for the elliptical galaxies of the sample of A06, ir-
respective of the value of α and the specific model adopted,
with the main result being that the central black holes pow-
ering the jets in these systems must be rapidly spinning.
Specifically, we find that if α ≈ 0.3 (Figure 4a), as required
to ensure an agreement between ADAF model predictions
for XRBs and the observations (Quataert & Narayan 1999),
then the hybrid model requires j & 0.75, while the BZ model
implies j & 0.88. If the value of the viscosity parameter is on
the low side, α ≈ 0.04 (Figure 4b), both jet models require
j & 0.75. In all cases, this corresponds to ηjet & 2%.
These lower limits for both j and ηjet correspond to the
situation where rate of mass accretion onto the black hole
equals the Bondi rate (ǫBondi ∼ 1). As discussed above, only
a fraction of the Bondi rate is likely to make its way to the
black hole and realistically, M˙ms . M˙ADAF. This restricts
the allowed region of parameter space in Figure 4 to that
below the horizontal dotted lines (ǫBondi = α) corresponding
to M˙ms = M˙ADAF.
Subject to these constraints on the mass accretion rate,
the observed correlations between mass accretion rate and
jet power imply that in the case of the hybrid model, the cen-
tral black holes must have spins j & 0.89 if α ≈ 0.3. The cor-
responding range for the mass accretion rate onto the black
hole is M˙ms ≈ (0.05 − 0.3)M˙Bondi ≈ (0.16 − 1.0)M˙ADAF.
If α is on the low side, then the black holes in the hy-
brid model must be spinning rapidly (j & 0.98) and the
corresponding range for the mass accretion rate is M˙ms ≈
(0.02−0.04)M˙Bondi ≈ (0.5−1.0)M˙ADAF . For a given value of
j, the corresponding jet efficiency factor can be read off from
Figure 3. For example, if α = 0.3 and j = 0.89, ηjet = 4.5%,
giving an overall efficiency of ηjetǫBondi = 1.3%.
In the case of the BZ model, the spin distribution cor-
responds to j & 0.98 (α = 0.3) and j > 1 (α = 0.04). The
latter is unphysical and indicates that values of viscosity
parameters as low as α = 0.04 are disfavored. For this line
of reasoning, we find that the BZ model requires α > 0.2
in order to guarantee j 6 1 and M˙ms 6 M˙ADAF. It is also
possible these “problems” reflect the limitations of the BZ
model. As indicated previously, the BZ model is, strictly
speaking, applicable only in the limit of slow rotation where
the unipolar approximation is reasonable. For this reason,
and for the clarity of the discussion, we shall hereafter only
discuss the results in the context of the hybrid model though
we shall continue to show the results for both models.
Since our results indicate high spin values for jet-
emitting black holes, it useful to bear in mind that re-
cent numerical relativistic MHD simulations of thick-disks
of Gammie et al. (2004) suggest that the accreting plasma
will bring the black hole in spin equilibrium not at the maxi-
mal value of j = 0.998 (Thorne 1974) but at a lower value of
j ≈ 0.93. This is not a trivial difference. At high spin rates, a
7% reduction in j translates into a factor of ∼ 3 reduction in
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Figure 4. Range of values for the parameters ǫBondi and j from the jet models, which reproduce the measured values of A of the
empirical correlation between M˙Bondi and Pjet (Equation 5). The dashed lines show the predictions of the Blandford-Znajek model and
the solid lines show those of the hybrid model. The left panel corresponds to α = 0.3 and the right panel to α = 0.04, the two values that
bound the range of plausible values for the viscosity parameter. The label beside each line is the value of A for that line. The thickest
lines correspond to the best fitting value of A. The horizontal dotted lines indicate the value ǫBondi = α (i.e., M˙ms = M˙ADAF).
the jet power. In the specific case of the A06 elliptical galax-
ies, we find that black holes in these galaxies must be fed
at rates ǫBondi & 0.05, depending on the value of α and the
mechanism of jet powering at work. In the particular case of
a hybrid model with α ≈ 0.3, the black holes cannot be fed
at rates much lower than M˙ADAF (i.e, 0.2 . ǫBondi . 0.3,
where the lower limit is due to the reduced efficiency asso-
ciated with j = 0.93 and corresponds to M˙ms = M˙ADAF),
limiting the potential role of mass loss through winds.
4.2 Reconsidering the jet power estimates
A06 uses the X-ray observations of the intracluster medium
cavities to estimate the jet power. To derive the energy E re-
quired to create the observed bubbles in the X-ray emitting
gas, A06 assume that the cavities are inflated slowly and
obtain the relationship E = 4PV for γ = 4/3 (relativistic
plasma), where P is the thermal pressure of the surround-
ing X-ray emitting gas, V is the volume of the cavity and
γ is the mean adiabatic index of the fluid within the cavity.
This is the minimum energy required to inflate the cavi-
ties and does not take into account any additional energy
that may have gone into heating the intracluster medium.
A more realistic scenario is likely to involve overpressurized
bubbles, which upon injection expand rapidly to reach pres-
sure equilibrium with their surroundings, and in the process
generate weak shock waves that heat the X-ray emitting
gas. Nusser, Silk & Babul (2006) calculate the total energy
E′ deposited by the jets in such cases and find that
E′ ≈ 3PV
„
Pi
P
«1/4
, (7)
where Pi is the thermal pressure of the surrounding gas at
the location where the bubble is injected. Equation 7 sug-
gests that if a bubble is injected with overpressure Pi/P &
10 then E′ & 6PV . We consider the possibility that as an ex-
treme case the bubble energies are twice the value assumed
by A06 (E′ = 8PV ), and calculate the impact of this on
the observed jet powers and on the results derived from our
models.
Following A06, we calculate the modified jet powers
as P ′jet = E
′/tage = 2Pjet and refit the power-law model
with B = 1 to the modified data, taking into account the
proper error propagation on the values of P ′jet. We obtain
A = 0.39 ± 0.19 with χ2 = 2.4 for 8 degrees of freedom.
As the assumed value of E′ implies higher jet powers, our
models need higher values of j to reproduce the increased
values of P ′jet. In particular, if α ≈ 0.3 these values of A im-
ply jmin ≈ 0.84 for the hybrid model and jmin ≈ 0.95 for the
BZ model. Therefore, a narrower range of still large spins is
required to explain P ′jet and the implied numerical values of
ǫBondi and ǫADAF also increase slightly.
One important uncertainty in the above calculation
(and also in that of A06) is the estimate of the age of the
bubbles. A06 calculate the ages using the formula tcs =
D/cs, where D is the distance of the bubble centre from the
black hole and cs is the adiabatic sound speed, but as dis-
cussed by Birzan et al. (2004) (see also Rafferty et al. 2006)
there are two other ways of estimating the age of the cavi-
ties (Equations 3 and 4 of Birzan et al. 2004) which result
in longer timescales when compared to tcs . An underesti-
mate of the timescales involved impacts the estimate of jet
power, as determined above, by artificially enhancing the
jet power above the “true” value. To take this into account,
we consider the possibility that the A06 ages are too low
by a factor of ∼ 2 (Birzan et al. 2004; Rafferty et al. 2006),
such that the modified age is tage ≈ 2tcs , implying a smaller
jet power P ′′jet = 1/2Pjet. With reference to the original jet
c© 2006 RAS, MNRAS 000, 1–12
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power estimates of A06, we find that revising the timescales
as suggested here results, not surprisingly, in a systematic
decrease in lower limits of j-values. For example, in the case
of the α = 0.3 hybrid model, we find that jmin ≈ 0.6.
In spite of the above-mentioned concerns with the
A06 estimates of the total jet energy and the associated
timescales, it seems likely that their end-product, the esti-
mates of the jet power in the nine elliptical galaxies, is rea-
sonable. The impact of underestimating the total jet energy
very nearly cancels out the impact of underestimating the
timescales involved and the analysis that we have presented
thus far will only be minimally affected.
4.3 Reconsidering ADAF models: the effect of
accretion disk winds
Finally, we have alluded previously to the possibility that
the accretion flow may be modified by mass loss in the form
of winds. Winds from the accretion flow are likely to be the
norm rather than the exception (e.g., Blandford 2005) and
these winds will remove mass, angular momentum and en-
ergy from the flow. As a consequence, ADAF-like accretion
flows with winds (advection-dominated inflow-outflow solu-
tion, ADIOS model, BB99) will have a different dynamical
structure than ADAFs without winds. For instance given
the same value of M˙ near the black hole, the angular veloc-
ity, scale height, total pressure and magnetic field strength
predicted by the ADAFs with and without winds will be
different. And since our models for the jet power are linked
to the accretion flow model through the quantities H , Ω′
and B, it is not inconceivable that jet powers linked to no-
wind ADAFs could be very different from jet powers linked
to ADIOS models.
The ADIOS solution has three parameters in addition
to those characterizing the no mass loss ADAF model: pw,
λw and ǫw. These parameters describe how much mass, en-
ergy and angular momentum, respectively, the wind removes
from the accretion flow and specific choice of values for these
three parameters leads to different types of winds (for more
information see BB99). To assess the implications for jet
power if the true underlying model is more correctly de-
scribed by the ADIOS solution, we begin by fixing the pa-
rameters common to the two models (the ADIOS and the no-
wind model) as follows: α = 0.1, γ = 1.5, and M• = 10
9M⊙
(we have confirmed that varying these particular variables
does not affect our conclusions). We then consider various
ADIOS solutions arising from varying the wind parameters
across the following range: pw = 0− 1, λw = 0.1− 0.75 and
ǫw = 0.1 − 0.5. This range of values encompasses all the
interesting types of winds.
We found that while some features of the two models
are very different, the solutions for H , Ω′ and B at the ra-
dius of marginally stable orbit in the ADIOS model are, to
first order, comparable to the corresponding solutions de-
rived from the no-wind model. In detail, the differences are
such that the ADIOS jet powers are always smaller than
the no-wind values by factor of order unity, regardless of
the combination of values of the wind parameters. Lower
jet powers in the ADIOS model, in turn, imply both a nar-
rower range of spins for jet-emitting black holes and that
these black holes must be spinning faster than those embed-
ded in the corresponding no mass loss ADAF in order to
reproduce the correlations derived by A06. In other words,
if winds are indeed the norm, then the central black holes
must be spinning even more rapidly than suggested by our
analysis above.
4.4 Comparison with previous estimates of jet
efficiency
A06 reported an efficiency of conversion of M˙Bondi into jet
power of Pjet/M˙Bondic
2 ≈ 2% for Pjet = 10
43 erg s−1. In our
modelling, this corresponds to the case where ǫBondi = 1 (i.e.
M˙ms = M˙Bondi). Since it is more likely that M˙ms . M˙Bondi,
our models suggest that the efficiency of conversion of the
accreting matter into jet power is considerably higher. For
instance, ηjet may reach values as high as ≈ 50% for high
spin rates. The extraction of spin energy from the holes is
responsible for this noticeable increase in the jet efficiency.
We note that the increase in the jet power with black hole
spin has been verified in numerical simulations of jets (e.g.,
De Villiers et al. 2005; McKinney 2005; Hawley & Krolik
2006).
The uppper limit we have obtained for ηjet is more
than an order of magnitude larger than that reported by
Armitage & Natarajan (1999). This result is mainly due to
the fact that we have included a Kerr metric shear-driven
dynamo (Meier 1999), which enhances the field strength and
was not included by these authors (see §2.1 and Appendix).
Based on the calculations of Armitage & Natarajan (1999),
Cao & Rawlings (2004) have recently asserted that accre-
tion flow-jet models of the kind we have considered cannot
account for the jet powers of a sample of low accretion rate
3CR FR I radio galaxies observed using the Hubble Space
Telescope (jet powers in the range ∼ 1041−1045 erg s−1). As
a result of much higher efficiencies, adopting the critical ac-
cretion rate M˙crit ∼ α
2M˙Edd (Esin et al. 1997) above which
the ADAF solution ceases to be valid, and taking j = 0.998
and α = 0.3, our jet models yield Pjet ≈ 10
45−46 erg s−1,
which is more than enough to account for the observed jet
power in the sample used by Cao & Rawlings (2004).
The adopted model for the jet-formation mechanism
predicts a linear relation between accretion rate and jet
power, while the measured best-fit slope of the relation mea-
sured by A06 is marginably better fit by a non-linear rela-
tionship. More than likely, this marginal discrepancy is due
to the small number of systems in the A06 sample. However,
we note that if ǫBondi has a slight dependence on j, as sug-
gested by recent numerical simulations of Hawley & Krolik
(2006), then ǫBondi will also exhibit a weak dependence on
Pjet and the agreement of the model with the observed cor-
relation will be improved. We verified that if ǫBondi ∝ P
0.2
jet
the slope predicted by the model agrees with the observed
best-fit slope. In the numerical simulations, the dependence
of M˙ms on j arises due amplified magnetic fields that act to
transfer angular momentum from the hole to the accretion
disk. In addition, it is not inconceivable that the dependence
ǫBondi(Pjet) might also emerge as a consequence of feedback
effects of the jet on the material fueling the accretion flow.
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5 CONCLUSIONS
We have employed two physical models for the black hole-
accretion flow-jets with features that are broadly consistent
with the results of numerical simulation to understand the
empirical correlation between accretion rates and jet pow-
ers of X-ray luminous elliptical galaxies derived by A06: the
classical Blandford-Znajek model and a hybrid model pro-
posed by Meier (2001). In the BZ model the energy is ex-
tracted electromagnetically from the spinning black hole; in
the hybrid model the magnetic field threads both the inner
and the outer regions of the accretion flow and the energy
that powers the outflow is extracted from both the rota-
tion of the disk as well as from the rotation of the black
hole, via the frame-dragged accretion flow inside the hole’s
ergosphere. We assume that the accretion flow is advection-
dominated (ADAF) and take into account general relativis-
tic effects not fully appreciated before in these models.
In the absense of disk winds and feedback, the model
suggests that the jet power should be linearly dependent
on the accretion mass flow rate. The normalisation of this
relation is dependent on the disk viscosity and the black hole
spin, with the dispersion around the best-fit correlation of
A06 being caused by different values of the black hole spin, j,
and the ratio of the disk mass flow rate to the accretion rate
onto the black hole, ǫBondi. We find that the jet efficiency
(ηjet = Pjet/M˙msc
2) can exceed 10% so that the jet may
carry away an appreciable fraction of the rest mass energy
of the accreted matterial.
We compared our jet power models to the jet power esti-
mates made by A06. Adopting typical values of the viscosity
parameter α ∼ 0.04−0.3, the M˙Bondi vs. Pjet correlation im-
plies a narrow range of spins j ≈ 0.75−1 and accretion rates
M˙ms ≈ (0.04−1)M˙Bondi. If we further demand that the mass
accretion rate be restricted to M˙ms . M˙ADAF ∼ αM˙Bondi, as
is both likely to be the case and consistent with ADAFmodel
expectations, we find that the observed correlations require
j & 0.9; i.e., the correlations imply rapidly spinning black
holes in all of the target galaxies. If additionally, the ADAF
accretion flows also experience mass, energy and angular
momentum loss via winds as in the ADIOS model proposed
by BB99, the correlations indicate nearly-maximally spin-
ning black holes (see §4.3). It is reassuring that semi-analytic
cosmological simulations of the spin evolution of black holes
through mergers and gas accretion (Volonteri et al. 2005)
and estimates of the radiative efficiencies of global pop-
ulations of quasars based on Soltan-type arguments (e.g.,
Soltan 1982; Yu & Tremaine 2002; Wang et al. 2006) sug-
gest that most nearby massive holes are rapidly rotating.
The relatively small scatter in the correlation between
PBondi and Pjet of A06, combined with the strong depen-
dence of jet power on black hole spin implies large black hole
spins is probably a general result valid for all elliptical galax-
ies. Of course the sample considered by A06 is relatively
small, but if this result holds-up in larger samples, and can
be shown to also apply to the larger central radio galaxies
of galaxy clusters (Rafferty et al. 2006), our results suggest
that they have the most powerful jets because they have
sufficient black hole mass to host relatively high mass flow
rates while the disk remains in the ADAF state (and hence
is able to generate strong poloidal magnetic fields near the
black hole). In this picture, all central ellipticals have the ca-
pacity to produce powerful jets, and the resulting jet power
is determined by the structure of the accretion disk. Our
results reveal a potentially fundamental connection between
black holes and the formation of the most massive galax-
ies: the central holes in the cores of galaxy clusters must
be rapidly rotating, in order to make the radio jets power-
ful enough to provide an effective feedback mechanism and
quench the cooling flows, therefore preventing star forma-
tion and explaining the observed galaxy luminosity function
(e.g., Croton et al. 2006; Bower et al. 2006) as well as ac-
counting for the observed X-ray luminosity – temperature
and X-ray luminosity – Sunyaev-Zeldovich effect correla-
tions for the intracluster medium (e.g., Babul et al. 2002;
McCarthy et al. 2004).
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APPENDIX A: DERIVATION OF THE JET
POWER
We list the equations we used to compute the dependence
of the jet power on α, j and M˙ using the Blandford-Znajek
model (§2.2) and the hybrid model (§2.3). The jet power
is given by Equations 1 (BZ model) and 2 (hybrid model).
The code that implements the equations described in this
work and returns the jet power is available at the URL
http://www.if.ufrgs.br/∼rns/jetpower.htm.
The following equations describe the self-similar ADAF
structure (Narayan & Yi 1995), where we use the black hole
mass in solar units (m = M•/M⊙), accretion rates in Ed-
dington units (m˙ = M˙/M˙Edd, M˙Edd is the Eddington ac-
cretion rate defined in §3) and radii in Schwarzschild units
(r = R/(2GM•/c
2)):
Ω′ = 7.19× 104c2m
−1r−3/2 s−1, (A1)
B = 6.55 × 108α−1/2(1− β)1/2c
−1/2
1 c
1/4
3 m
−1/2m˙1/2r−5/4 G,
(A2)
H/R ≈ (2.5c3)
1/2. (A3)
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The constants c1, c2 and c3 are defined as
c1 =
5 + 2ǫ′
3α2
g′(α, ǫ′),
c2 =
»
2ǫ′(5 + 2ǫ′)
9α2
g′(α, ǫ′)
–1/2
,
c3 = c
2
2/ǫ
′,
ǫ′ ≡
1
f
„
5/3− γ
γ − 1
«
,
g′(α, ǫ′) ≡
»
1 +
18α2
(5 + 2ǫ′)2
–1/2
.
The relations among α, γ and β are given in §2.1. The
angular velocity of the field seen by an outside observer
at infinity in the Boyer-Lindquist frame is Ω = Ω′ + ω,
where the angular velocity of the local metric is given by
(Bardeen et al. 1972)
ω ≡ −
gφt
gφφ
=
2aM•
a2(R + 2M•) +R3
, (A4)
using geometrized units (G = c = 1).
We estimate the field-enhancing shear caused by the
Kerr metric following Meier (2001) as g = Ω/Ω′, such that
the azimuthal component of the field is given by Bφ = gB
(see §2.1). The poloidal component is related to the az-
imuthal component following Livio et al. (1999) as Bp ≈
H/R Bφ ≈ Bφ.
Lastly, we insert all the quantities defined above into
Equations 1 and 2, and then evaluate the resulting equations
at the marginally stable orbit of the accretion disk Rms,
given by (Bardeen et al. 1972)
Rms =M•
n
3 + Z2 − [(3− Z1)(3 + Z1 + 2Z2)]
1/2
o
, (A5)
Z1 ≡ 1 + (1− j
2)1/3
h
(1 + j)1/3 + (1− j)1/3
i
,
Z2 ≡ (3j
2 + Z21 )
1/2.
Taking R = Rms in the BZ model corresponds to assume
that the strength of the magnetic field at the horizon of
the hole is very similar to the corresponding strength at
the marginally stable orbit. This is a reasonable assumption
according to recent numerical simulations of jet formation
(e.g., Hirose et al. 2004; McKinney & Gammie 2004).
This paper has been typeset from a TEX/ LATEX file prepared
by the author.
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